The magnetic interfacial Dzyaloshinskii-Moriya interaction (DMI) in multilayered thin films can lead to chiral spin states, which are of paramount importance for future spintronic technologies 1,2 . Interfacial DMI typically manifests as an intralayer interaction, mediated via a paramagnetic heavy metal in systems lacking inversion symmetry 3 . Here we show that, by designing synthetic antiferromagnets with canted magnetization states 4,5 , it is also possible to observe direct evidence of the interfacial interlayer DMI at room temperature. The interlayer DMI breaks the symmetry of the magnetic reversal process via the emergence of non-collinear spin states, which results in chiral exchange-biased hysteresis loops. The spin chiral interlayer interactions reported here are expected to manifest in a range of multilayered thinfilm systems, opening up as yet unexplored avenues for the development and exploitation of chiral effects in magnetic heterostructures 6-8 .
interlayer DMI 16 .) Here, we report the experimental observation of a room-temperature chiral exchange bias in SAF bilayers due to the interlayer DMI, opening an unexplored route for the study and manipulation of chiral spin interlayer interactions in multilayered spintronic systems.
To obtain experimental evidence of the presence of the interlayer DMI in synthetic antiferromagnets (SAFs), we designed magnetic bilayers such as those depicted in Fig. 1b , formed by two ultrathin magnetic layers made of Co and CoFeB, with a heavy metal (Pt) on both sides of the two layers providing perpendicular magnetic anisotropy (PMA) and acting as a source of interfacial DMI. A Ru spacer couples both layers antiferromagnetically via Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. The Pt layers also tune the magnitude of the effective RKKY coupling. The SAF is magnetically asymmetric: the bottom Co layer is significantly thinner than its spin reorientation transition (SRT)-that is, it is magnetically hard-with its magnetization strongly out of plane (z direction). In contrast, the top CoFeB layer is slightly thicker than its SRT thickness, with a shape anisotropy moderately larger than its PMA (see Methods). Thus, the CoFeB layer is a soft magnetic layer, which, because of the competition between its low in-plane anisotropy and the AF coupling with the out-of-plane Co layer, presents canted magnetization configurations (that is, it has a nonnegligible magnetization component along both the in-plane and z directions) 4, 5 . Furthermore, the application of an in-plane magnetic field during growth breaks the symmetry during deposition (see Supplementary Information), providing a moderate in-plane anisotropy along the field direction, referred to as the x direction in the manuscript.
To estimate the interlayer DMI strength, the three-site model 13 is applied to our system, represented as three layers arranged in hexagonal close-packed (hcp) stacking, with two magnetic atom layers separated by a distance t IL from each other by one layer of non-magnetic atoms (Fig. 1c ). The microscopic intralayer and interlayer DMI vectors D ij are analytically calculated 13 considering only next-nearest-neighbour FM and nearest-neighbour PM atoms (see Methods). Figure 1c shows the six non-zero resulting D ij (Co/Pt/CoFeB) vectors corresponding to the bonds connecting the central bottom Co spin i and the six outer CoFeB spins j of the top hexagon. From these calculations, the interlayer DMI strength |D ij (Co/Pt/CoFeB) | is ~0.02-0.03V 1 , where V 1 is the so-called spin-orbit parameter of the material defining the magnitude of the D ij vectors 13, 15 . For FM/Pt interfaces, V 1 (FM/Pt) ≈ 6.4 meV atom −1 (ref. 13 ), which is of the same order of magnitude as the direct exchange
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NaTure MaTerIals interaction of Co, J (Co) (ref. 17 ). Hence, |D ij (Co/Pt/CoFeB) | ≈ 0.1-0.2 meV atom −1 , about one order of magnitude smaller than typical values for the intralayer DMI 18 . The small value of the interlayer DMI in our samples is mostly due to the relatively large total interlayer thickness of our samples (Pt/Ru/Pt ≈ 2 nm) and the decrease of DMI with distance, as described by the three-site model (see Methods).
We illustrate the effect of this interaction in the magnetic configuration of a bilayer SAF by depicting the ground state in Fig. 1d , for interlayer DMI as the only (intra-or inter-layer) exchange coupling interaction considered (direct exchange coupling, intralayer DMI and RKKY are excluded), and for large in-plane CoFeB and out-of-plane Co anisotropies. A strong interlayer DMI with positive D ij (Co/Pt/CoFeB) results in an anticlockwise rotation between Co and CoFeB spins along the z direction-from bottom to top-for spins in the same row, and clockwise for spins in adjacent rows. This creates an alternating configuration of spins in both top and bottom layers along the x direction, as illustrated in Fig. 1e , where the extended top view of the resulting hexagonal lattice is shown.
The presence of interlayer DMI has been experimentally investigated under the following vector magnetic fields. A strong unipolar (either positive or negative, ~0.4 T) B z field is applied, saturating both layers. This field is then set to zero, leading to a canted CoFeB layer at remanence. This initialization is followed by a moderate bipolar oscillating in-plane field (−30 mT < B x < 30 mT), applied while measuring the reversal of the CoFeB layer. To complement the experimental results, we performed Monte Carlo simulations ( Fig. 1c ) using the atomistic model described in the Methods. The complex polycrystalline and amorphous crystallographic structure of the sputtered layers, added to the unknown spin-orbit parameters, makes it challenging to estimate the DMI values of the samples. Moreover, V 1 will have different values for Co/Pt, Pt/CoFeB and Co/Pt/CoFeB interfaces. To incorporate realistic values into the simulations, we compared sets of M z (B z ) experimental results for a wide range of thicknesses with Monte Carlo simulations (see Supplementary Information). This allows us estimate V 1 for the different interfaces and associate an effective CoFeB thickness t for each sample, given by the |V 1 (Pt/CoFeB) / V 1 (Co/Pt) | ratio. These estimated spin-orbit parameters are then used in subsequent Monte Carlo simulations ( Fig. 2e -h) that replicate the experimental minor loops described before. A good qualitative agreement between experiments and simulations is observed, with simulations reproducing both the shape of the experimental loops and the chiral bias effect. Furthermore, a good quantitative agreement is also found between experiments and simulations when estimating the effective strength of the interlayer DMI (see Methods). We therefore conclude that the chiral bias effect described here constitutes a fingerprint of the interlayer DMI. Other indirect exchange interactions such as the biquadratic interlayer coupling 19 cannot account for the chiral nature of the observed effect. Furthermore, intralayer DMI effects leading to asymmetric magnetic hysteresis processes have only been observed in laterally patterned nanomagnets, and require the simultaneous application of orthogonal magnetic fields 20, 21 , in contast to our experiments.
We have studied the dependence of the chiral B bias magnitude as a function of CoFeB thickness (left and bottom axes, Fig. 3a ) for the range 1.5-2.4 nm. This function rises sharply after the nominal SRT CoFeB thickness, peaking at 1.7 nm, and dropping to negligible values for thicknesses above 2.2 nm, when the CoFeB becomes strongly in plane. The regime where non-zero B bias is observed corresponds to the thickness range where the CoFeB magnetization becomes canted 4 , as illustrated by the further right axis, where the function sin 2θ, obtained from macrospin Monte Carlo simulations (see Methods), presents non-zero values. θ is the effective macrospin canting angle of the CoFeB (Fig. 1b ). In addition, the function plotted in the nearer-right and top axes is the normalized |B bias | extracted from Monte Carlo atomistic simulations as a function of the effective CoFeB thickness t, which shows excellent agreement with experiments. Figure 3b displays the characteristic spin configurations of the system, obtained from atomistic simulations, for the thickness ranges t < 1.6 nm (AP), 1.6 nm < t < 2.2 nm (CANT) and t > 2.2 nm (PERP). The AP and PERP are standard spin configurations, whereas the spin state for the CANT regime is as explained below. No bias is observed for the AP and PERP regimes due to a net zero E DMI (Co/Pt/CoFeB) in both cases (see Methods). A measurable B bias is only present for the CANT regime, where a small effective CoFeB anisotropy is expected to promote the emergence of effects ruled by small energy contributions, such as the interlayer DMI. 
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To understand in detail the CANT regime and its role in chiral bias, Fig. 4 presents results from MC simulations for a SAF within this thickness regime. Figure 4a shows snapshots during the reversal process of the CoFeB layer at different B x values, for Co pointing along the +z direction. Overall, the magnetization process follows the same mechanism previously reported for this type of sample 4 , as a result of the competing energies present in the system: the soft layer (CoFeB) reverses back and forth under B x , while the hard (Co) layer remains unchanged because of its high PMA. The AF RKKY promotes an antiparallel orientation of CoFeB and Co, leading to a peak in M z during CoFeB reversal (Fig. 2g ). The AF RKKY also results in an incomplete in-plane saturation of CoFeB at the maximum B x applied (Fig. 2h ). In addition, the intralayer DMI promotes a chiral clockwise spin rotation-from left to right-across the CoFeB layer. To satisfy this requirement, the magnetization reverses via the propagation of domain walls with clockwise chirality. To achieve the same wall chirality for both branches of the hysteresis loop and keep an antiparallel alignment with Co, a domain wall is nucleated at opposite edges of the simulated area for either branch. However, none of these contributions is able to create a biased switching in extended structures and under B x only 21 , requiring an additional symmetry-breaking mechanism. The reversal process, in reality, will be strongly influenced by defects and inhomogeneities of the layers 22 , and will be driven by domains of very small sizes for thicknesses around the SRT 23 , making their direct observation using magneto-optical methods, such as those used here, very challenging 5 . Despite this, the macroscopic bias observed experimentally indicates that a clear reversal asymmetry for both branches is present.
Complementing these results, Fig. 2i , which presents two plateaux at moderate B x values and a biased switching. An asterisk in those graphs marks the state of the system that is energetically more favourable from an interlayer DMI point of view, which is depicted in the insets of Fig. 2f-h Fig. 1d ). The figure also indicates how unfavourable bonds cause canting of the CoFeB spins (red arrows) which become more antiparallel to Co because of the strong AF RKKY interaction.
Monte Carlo simulations evidence the emergence of this type of non-collinear magnetization state as a result of the competition between interlayer DMI and RKKY coupling (Fig. 4b) .
Magnetization amplitude changes of up to 15% for S x , with a period 
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corresponding to a few atomic lattice constants, are observed in simulations, with this behaviour dependent on the |V 1 (Pt/CoFeB) |/|V 1 (Co/Pt) | ratio (not shown here). The relevance of non-collinear magnetic phases for symmetry breaking has already been pointed out 24 . Here, simulations indicate how this CoFeB magnetization modulation is different for each branch due to the different configuration of (energetically satisfied and unsatisfied) interlayer DMI bonds for either branch (Fig. 4c,d) . The subtle symmetry-breaking mechanism responsible for the chiral exchange bias is thus the result of these two effects acting together: the emergence of noncollinear spin states during reversal combined with this asymmetric bond profile. This magnetization modulation asymmetry also manifests as other small asymmetric features in these loops. For example, the M z peak reaches larger values for one of the two branches ( Fig. 2e,g) , revealing spin modulations of larger amplitude due to the interlayer DMI competing less efficiently with the RKKY interaction.
In conclusion, we have reported a room-temperature chiral exchange bias in ultrathin asymmetric synthetic AF bilayers caused by the presence of DMI across the interlayer. The emergence of noncollinear spin modulation, subject to different interlayer DMI profiles during magnetic reversal, is behind this symmetry breaking. Whereas the interlayer DMI would appear to be too weak to significantly change the intralayer magnetic ordering due to competition with a strong direct exchange and intralayer DMI contribution, it can, however, be effective in competition with RKKY coupling, codefining the interlayer ordering.
The canted SAFs studied here have been specifically designed to probe the presence of the interlayer DMI, which manifests as a macroscopic chiral exchange bias. However, we expect symmetrybreaking effects induced by this interaction to play an important role in other ultrathin SAFs away from the SRT and with more standard magnetic configurations. Specifically, provided that the symmetry arguments exposed here are fulfilled, the interlayer DMI will become important in these systems when the magnetic reversal becomes dominated by areas with a low effective anisotropy, such as defects and layer inhomogeneities 25 . Moreover, larger net interlayer DMI energies than the one reported here are expected in other multilayered systems formed by ultrathin interlayers (see Methods), including for example the use of spacer materials that simultaneously present both RKKY and DMI interactions 26 . This interaction will also be of particular importance in magnetic systems with large antisymmetric/symmetric exchange interaction ratios 27 . The realization of systems integrating interlayer magnetic chiral interactions paves the way for the creation and manipulation of unprecendented magnetic effects in SAFs, for example the introduction of indirect-via the magnetic state of a neighbouring layer-control of asymmetric effects in the motion of domain walls 28 and spin waves 29 of a magnetic system. It is also of great relevance in the development of future three-dimensional spintronic systems 6, 7 .
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Any methods, additional references, Nature Research reporting summaries, source data, statements of code and data availability and associated accession codes are available at https://doi.org/10.1038/ s41563-019-0386-4. | between −1.7 and +1.9 (see Supplementary Information) . The same behaviour is apparent for experiments and simulations. Further-right and bottom axes (red stars and red dotted line) plot the effective degree of canting of the CoFeB layer (when it is neither in-plane nor out-of-plane) as a function of its thickness, parametrized as sin 2θ, as extracted from macrospin Monte Carlo simulations; only anisotropies and RKKY coupling interactions are considered. The magnitude of the bias correlates well with the magnetization effective degree of canting of the CoFeB layer, revealing that a low competing effective anisotropy is necessary to observe a bias effect. b, Schematics of the three types of spin configuration: antiparallel (AP), canted (CANT) and perpendicular (PERP) across the SRT. A non-zero net interlayer DMI is only present for the CANT regime. Red spins in the CANT state are those for which it is more favourable to rotate out of plane, due to an energetically unfavourable interlayer DMI and the effect of the RKKY interaction. . The Ru spacer provided AF coupling between the two FM films via the RKKY interaction 30 . Although only one Pt layer at the interlayer is in principle needed to observe interlayer DMI, a symmetric interlayer with two Pt interfaces was used to improve the PMA of the FM layers, as well as to provide fine tuning over the RKKY coupling between the two 31 . The surface PMAs of the Co and CoFeB layers, determined by growing single layers with analogous structure, were 1.2 mJ m −2 and 0.7 mJ m −2 . This corresponds to SRT thicknesses of ~1.95 nm for Co and 1.55 nm for CoFeB, when the shape anisotropy balances the surface PMA, that is, when the effective anisotropy K eff = 2 K s /t -0.5 µ 0 M s 2 = 0. RKKY coupling was created by a 1 nm Ru layer, corresponding to the first AF peak, and tuned by the Pt on both sides. For 0.5 nm Pt, this corresponds to an AF surface energy J RKKY (Co/Ru/CoFeB) of −0.08 mJ m −2 . A magnetic field of ~100 mT was applied during the sputtering process, resulting in a moderate in-plane anisotropy for the CoFeB layer along the field direction 32 , measured to be up to 1.8 × 10 3 J m −3 . A chiral bias effect was also observed in another similar set of samples (see Supplementary Information) .
Atomistic three-site model. The interlayer DMI effect was modelled using a FM 1 / PM/FM 2 atomistic trilayer with hcp stacking. The z position of each atomic plane corresponded effectively to the middle point of each layer 33 . Microscopic DMI vectors describing the interaction between spins S i and S j as mediated by impurity l within and in between layers were obtained using the three-site model 13 :
where R li , R lj are the distance vectors from the impurity l to the corresponding FM atom sites i and j, and R ij is the distance vector between these FM sites. The
refers to the material-specific quantity defining the DMI strength. k F and E F are the Fermi wavevector and energy respectively, λ d is the spin-orbit coupling parameter, Γ is the interaction parameter between the localized spins and the spins of conduction electrons, and Z d is the number of d-electrons. An effective DMI vector describing the interaction between a given ij atomic pair can be calculated by performing a sum over all nearest-neighbour PM impurities l (refs. 13, 15 ):
ij l ijl l i l j ij eff The total DMI energy between two magnetic layers is then given by
ij ij i j DMI eff where this time, next-nearest neighbour ij pairs are considered in the calculations.
If we evaluate equation (3) for the three thickness regimes discussed in Fig. 3b , we find that the AP configuration obviously leads to zero interlayer DMI, due to both layers forming 180°, resulting in S i × S j = 0 for all pairs. The net interlayer DMI is also zero in the PERP configuration, despite Co and CoFeB spins forming 90°. In that case, equation (3) becomes
i j ij ij DMI eff because (S i × S j ) is the same for each pair, and the total sum of = D 0 ij eff for a hexagonal lattice. However, the non-collinear spin configuration in the soft CoFeB layer (CANT configuration) will result in a non-zero DMI energy, as described by equation (3) .
The arguments presented here for hcp stacking can also be extended to other crystallographic structures. A net non-zero D ij (Co/Pt/CoFeB) vector is obtained, for example, for distorted or disordered cubic phases 15 . The Supplementary Information includes additional information about the atomistic model.
Magnetometry measurements.
The samples were investigated using focused MOKE, with a 3.5 mW laser Gaussian spot with a full-width at half-maximum of ~5 µm and wavelength of 635 nm. To probe both M z and M x components of the samples, two different set-ups were used, with either normal or 45° incidence geometries. Optical analyser and quarter-waveplate angles were tuned to detect either polar or longitudinal Kerr signals, respectively. Analogous (bulk) vibrating sample magnetometer measurements with two sets of perpendicular pick-up coils and Kerr control experiments complement these measurements (see Supplementary Information) . 
